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We  synthesize  the  new  Pt  based  catalyst  for  direct  ethanol  fuel  cells  using  novel  multi-walled  carbon 
nanotubes  supported  platinum-antimony  tin  oxide  (Pt-ATO/MWCNT)  nanoparticle  as  new  catalyst  sup¬ 
port  for  the  first  time.  The  structure  of  Pt-ATO/MWCNT  catalyst  is  characterized  by  transmission  electron 
micrograph  (TEM)  and  X-ray  diffraction  (XRD).  The  electrocatalytic  properties  of  Pt-ATO/MWCNT  catalyst 
for  ethanol  electrooxidation  reactions  are  investigated  by  cyclic  voltammetry  (CV)  and  chronoampero- 
metric  experiments  in  acidic  medium.  The  electrocatalytic  activity  for  ethanol  electrooxidation  reaction 
shows  that  high  carbon  monoxide  tolerance  and  good  stability  of  Pt-ATO/MWCNT  catalyst  compared  with 
Pt-Sn02/MWCNT  and  commercial  Pt/C  are  observed.  These  results  imply  that  Pt-ATO/MWCNT  catalyst 
has  promising  potential  applications  in  direct  alcohol  fuel  cells. 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Direct  alcohol  fuel  cells  (DAFCs)  is  a  promising  technology  as 
an  alternative  to  conventional  energy-generating  devices  due  to  its 
higher  energy-conversion  efficiency,  low-to-zero  pollutant  emis¬ 
sions,  ready  availability  of  alcohol  fuel,  ease  in  distribution,  and 
high  energy  density  [1,2].  The  commercialization  of  DAFCs,  how¬ 
ever,  is  still  significantly  restricted  by  its  high  cost,  mainly  caused 
by  the  low  utilization  of  novel  metal  in  the  catalytic  electrode.  The 
electrocatalytic  activity  towards  noble  metals  for  alcohol  oxidation 
is  greatly  dependent  on  many  factors  such  as  the  size  and  dispersion 
of  noble  metals,  properties  of  supporting  materials  and  synthetic 
methods  [3,4].  Among  them,  the  properties  of  supporting  materi¬ 
als  and  their  surface  characteristics  are  essential  for  the  catalysts 
materials  to  produce  high  catalytic  activity  [5,6]. 

Nanostructured  carbon  materials,  especially  one-dimensional 
(ID)  carbon  nanotubes  (CNTs),  appear  to  be  one  of  the  most 
promising  supporting  materials,  such  as  for  new  chemical  nanoar¬ 
chitectures  in  electrocatalysis  [7,8]  and  nanoelectronic  circuitry  [9], 
due  to  their  unique  structure  and  excellent  mechanical,  electronic 
and  surface  properties  [10].  Much  work  has  focused  on  the  disper¬ 
sion  of  metal  nanoparticles  on  the  surface  of  CNTs  as  catalysts  for 
fuel  cells.  Much  work  has  focused  on  synthesis  of  highly  dispersed 
metal  nanoparticles  on  the  surface  of  CNTs  as  catalysts  for  fuel  cells 
[7,9,11-13]. 
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Recently,  another  strategy  by  using  some  other  metal  oxides 
such  as  Ce02,  Zr02,  Ti02  and  so  on  modified  (or  coated)  carbon 
black  (CB)  or  carbon  nanotube  (CNT)  as  the  support  of  Pt  cata¬ 
lysts  have  also  been  developed,  in  which  the  metal  oxides  can  also 
enhance  the  CO  tolerance  of  the  catalysts  according  to  the  bifunc¬ 
tional  mechanism  [14-18].  The  results  reported  in  the  literature 
confirm  that  these  fillers  are  indeed  effective  in  improving  the  cat¬ 
alytic  activity  of  Pt  catalyst.  But  Pt  deposits  on  the  surface  of  metal 
oxides,  which  may  be  useless  due  to  the  bad  electron  conductivity 
of  metal  oxide.  To  solve  this  problem  and  increase  the  utilization  of 
Pt  catalysts,  alternative  materials  with  high  electron  conductivity 
are  strongly  aspired  for.  In  the  same  way,  antimony  doped  Sn02 
(ATO)  has  been  proposed  as  a  support  material  for  fuel  cell  electro¬ 
catalysts  because  of  its  chemical  properties :  it  adsorbs  OFI  species  at 
low  potentials  and/or  induces  the  electronic  effect  with  Pt  catalysts. 
These  properties  promote  the  electrooxidation  on  Pt  of  CO  and  low 
molecular-weight  alcohols,  such  as  methanol  [19]  and  ethanol  [20]. 
The  electroactivity  of  Sb-Sn02  supported  Pt  was  investigated  by 
electrochemical  method  and  compared  to  the  activity  of  platinized 
platinum.  Pt/ATO  electrodes  not  only  presented  higher  roughness 
factors  than  platinized  Pt  electrodes,  but  also  had  larger  intrinsic 
electrocatalytical  activity  for  the  electrooxidation  of  alcohol  [19]. 

It  is  well  known  that  the  supported  metal  nanoparticles  show 
a  higher  electrocatalytic  activity  and  utilization  efficiency  than 
unsupported  metal  particles  because  of  their  large  surface  area  on 
the  supports  [21].  Hence,  in  this  study,  Pt  nanoparticle  contacting 
with  adjacent  ATO  supported  on  the  multi- walled  carbon  nan¬ 
otubes  was  prepared  by  a  consecutive  polyol  process  with  aiming 
to  the  high  activity  for  the  ethanol  oxidation  reaction. 
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2.  Experimental 

2.1.  Preparation  of  Pt-ATO/MWCNT  catalysts 

The  ATO/MWCNT  composites  were  synthesized  as  follows.  First, 
100  mg  of  SnCl4-5H20,  3.4  mg  of  SbCl3  (5at%  to  Sn),  0.05  mL  HC1 
(37%),  and  deionized  (DI)  water  with  appropriate  amounts  of  MWC- 
NTs  were  mixed  to  homogeneity.  Then  an  aqueous  solution  of 
ammonia  was  added  until  pH  10.  The  solution  was  moved  to  a 
three-necked  flask  and  refluxed  at  100°C  for  2h  in  inert  atmo¬ 
sphere.  After  refluxing,  the  solution  was  cooled,  centrifuged,  and 
evaporated.  The  dark-yellow  solid  thus  obtained  was  heated  in 
a  tube  furnace  at  400  °C  for  1  h  in  ambient  air.  The  ATO  content 
was  50%  by  weight  in  the  catalyst  supports.  For  comparison,  the 
Sn02/MWCNT  composites  were  also  obtained  with  the  same  pro¬ 
cess  without  Sb  added. 

Preparation  of  Pt-ATO/MWCNT  nanoparticles  was  based  on 
the  polyol  method  [22].  Appropriate  H2PtCl6-6H20  ethylene  glycol 
solution  (0.02  M)  was  mixed  with  NaOH  ethylene  glycol  solution 
(0.1  M).  Ethylene  glycol  was  used  as  a  stabilizer  and  reducing 
agent.  ATO/MWCNT  supports  were  then  added  to  the  mixed  solu¬ 
tion  and  sonicated  for  15  min.  Then  the  solution  was  stirred  at 
130-140  °C  for  4h.  The  reaction  mixture  was  cooled  to  room 
temperature  and  dripped  with  KN03  (0.1  M)  and  HC1  (0.5  M)  suc¬ 
cessively  for  4  h.  After  stirring  overnight,  the  product  was  collected 
by  centrifugation,  washed  several  times  with  water  and  ethanol, 
and  dried  in  a  vacuum  oven  at  70  °C  overnight  and  then  the 
Pt-ATO/MWCNT  catalysts  with  20wt%  Pt  on  ATO/MWCNT  sup¬ 
port  were  obtained.  For  comparison,  Pt  supported  on  Sn02/MWCNT 
composites  (Pt-Sn02/MWCNT)  with  the  same  contents  of  Pt 
nanoparticles  was  also  obtained. 

2.2.  Measurement 

Electrochemical  reactivity  of  the  catalysts  was  measured  by 
CV  using  a  three-electrode  cell  at  the  PARSTAT  2273  potentiostat 
controlled  by  PowerSuite®  software  (Princeton  Applied  Research). 
Thin  film  working  electrodes  were  prepared  by  dispersing  20  mg  of 
Pt-ATO/MWCNT  in  deionized  water  and  isopropyl  alcohol,  ultra- 
sonicating  for  30  min,  and  pipeting  out  lOmL  of  the  resulting 
suspension  on  a  gold  substrate  (1  cm2  surface)  using  a  micropipette 
followed  by  drying  in  air  and  adding  5  mL  of  5%  Nation  solution 
as  a  binder  to  affix  the  electrocatalysts  firmly  to  the  gold  plate, 
the  solvent  was  allowed  to  evaporate  slowly.  Pt  gauze  and  a  satu¬ 
rated  calomel  electrode  (SCE)  were  used  as  counter  electrode  and 
reference  electrode.  All  potentials  in  this  report  are  quoted  ver¬ 
sus  SCE.  CV  test  was  conducted  at  50  mV  s-1  in  a  solution  of  1  M 
H2S04  with  1  M  CH3CH2OH,  potential  ranging  from  -0.2  to  1.4V. 
The  electrochemical  measurements  were  conducted  under  25  °C. 

The  morphology  of  Pt-ATO/MWCNT  composites  were  inves¬ 
tigated  using  high-resolution  transmission  electron  microscopy 
(JEOL  model  JEM-2100)  operated  at  200  kV.  The  XRD  patterns  of 
the  as-prepared  products  were  investigated  via  a  Bruker  powder 
diffraction  system  (model  D8  Advanced),  using  Cu  Ka  as  the  radi¬ 
ation  source  at  the  operating  voltage  of  40  kV  and  a  scan  rate  of 
6°  min-1. 

3.  Results  and  discussion 

3.1.  TEM  analysis  of  the  Pt-ATO/MWCNT  composites 

Fig.  1  shows  the  typical  HRTEM  images  of  the  Pt-ATO/MWCNT 
composites.  It  can  be  seen  that  the  Pt  and  ATO  nanoparticles  are  uni¬ 
formly  distributed  on  the  surface  of  the  MWCNTs.  The  diameter  of 
the  Pt  or  ATO  nanoparticles  is  about  only  3-8  nm.  Thus,  the  HRTEM 


Fig.  1.  HRTEM  images  of  Pt-ATO/MWCNT  composites. 


micrograph  reveals  further  that  both  Pt  and  ATO  nanoparticles 
attached  on  the  sidewalls  of  the  MWCNTs,  Pt  and  ATO  nanoparticles 
can  be  identified  from  the  crystal  lattice  pattern,  and  the  presence 
of  Pt  and  ATO  nanoparticles  can  be  further  confirmed  in  the  XRD 
results.  In  general,  there  are  at  least  three  cases  for  Pt  nanopar¬ 
ticles  location  on  MWCNT  surface.  The  first  case  is  that  some  Pt 
catalysts  are  deposited  on  MWCNT  surface  with  no  contact  with 
ATO.  The  second  case  is  that  some  Pt  nanoparticles  have  contacts 
closely  with  ATO.  The  last  case  is  that  some  Pt  nanoparticles  are 
deposited  on  the  surface  ATO.  Because  of  excellent  conductivity  of 
ATO  compared  with  the  Sn02  nanoparticle,  these  Pt  catalysis  sup¬ 
ported  on  ATO  can  also  been  used  for  ethanol  electrooxidation  in 
fuel  cell. 

3.2.  XRD  analysis  of  the  Pt-ATO/MWCNT  composites 

Fig.  2  shows  the  XRD  patterns  of  Pt-ATO/MWCNT  and 
ATO/MWCNT.  For  the  patterns  of  Pt-ATO/MWCNT,  both  diffraction 
peaks  of  Pt  and  ATO  can  be  observed  indicating  their  coexistence 
in  the  sample.  The  characteristic  peaks  of  face  centered  cubic 


Fig.  2.  XRD  analysis  of  Pt-ATO/MWCNT  and  ATO/MWCNT  composites. 
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Fig.  3.  Cyclic  voltammograms  of  various  electrodes  at  50mVs_1  in  1.0  M 
H2SO4  +  I.OM  CH3CH2OH  aqueous  solution. 

crystalline  platinum  at  about  39°,  46°,  68°  and  81°,  are  corre¬ 
sponding  to  Pt  (1 1 1 ),  (2  0  0),  (2  2  0)  and  (311)  plane,  respectively. 
And  there  is  no  shift  in  any  of  the  diffraction  peaks  of  platinum 
in  Pt-ATO/MWCNT  catalyst  indicating  that  the  addition  of  ATO 
has  no  effect  on  the  crystalline  lattice  of  platinum.  The  breadth 
of  the  XRD  peaks  also  indicated  that  small  Pt  and  ATO  crystallites 
were  obtained.  The  average  crystal  size  of  Pt  and  ATO  nanoparti¬ 
cles  estimated  using  Scherrer  equation  was  about  3.6  and  8.2  nm, 
respectively,  which  is  confirmed  by  HRTEM  micrographs. 

3.3.  Electrochemical  properties  of  Pt-ATO/MWCNT  composites 

The  electrocatalytic  activities  of  the  catalysts  toward  ethanol 
oxidation  measured  by  cyclic  voltammetry  at  a  potential  scan  rate 
of  50mVs-1  are  shown  in  Fig.  3.  The  ethanol  oxidation  activity 
could  be  reflected  by  the  magnitude  of  the  anodic  peak  current  in 
the  forward  scan.  The  peak  current  densities  (mass  catalytic  activi¬ 
ties)  obtained  at  the  potential  of  about  0.70  V  in  the  forward  scan  for 
Pt-ATO/MWCNT,  Pt-Sn02/MWCNT,  and  Pt/C  are  1300,  1198,  and 
1036  mAmg-1  Pt,  respectively,  which  have  been  normalized  to  the 
total  metal  Pt  loadings.  In  comparison  with  Pt/C,  the  25%  increase  in 
the  catalytic  activity  for  catalyst  Pt-ATO/MWCNT  strongly  suggests 
the  significant  role  of  the  ATO  nanoparticles.  Moreover,  compared 
with  Pt-Sn02 /MWCNT,  the  8.5%  increase  for  Pt-ATO/MWCNT  may 
be  related  to  the  ATO  nanoparticles  with  higher  conductivity  on 
the  MWCNT  wall.  Thus,  ATO  has  the  higher  conductivity  compared 
with  the  Sn02,  as  support  for  a  Pt  catalyst  may  facilitate  increasing 
the  utilization  of  the  catalyst  for  ethanol  oxidation. 

The  electrochemical  stability  of  these  electrodes  for  ethanol 
electrooxidation  was  investigated  by  chronoamperometric  exper¬ 
iments  at  room  temperature  as  shown  in  Fig.  4.  The  potential 
was  first  held  at  -0.1  V  from  the  open-circuit  potential  for  100  s 
and  then  stepped  up  to  0.55  V  for  3600  s.  In  general,  ethanol  was 
continuously  oxidized  on  the  catalyst  surface,  and  tenacious  reac¬ 
tion  intermediates  such  as  COads  would  begin  to  accumulate  if  the 
kinetics  of  their  removal  could  not  keep  pace  with  that  of  ethanol 
oxidation.  A  more  gradual  decay  of  current  density  with  time  is 
therefore  an  indicative  of  improved  CO  tolerance.  Thus,  the  decay 
rate  of  Pt-ATO/MWCNT  and  Pt-Sn02/MWCNT  for  the  oxidation 
current  density  was  about  the  same  whereas  the  decay  rate  for 
Pt/C  was  less  moderate.  This  is  an  indication  that  the  CO  toler¬ 
ance  of  Pt-ATO/MWCNT  is  comparable  to  that  of  Pt-Sn02 /MWCNT 
but  better  than  that  of  Pt/C,  consistent  with  the  result  shown 
in  Fig.  3.  The  steady-state  current  densities  at  the  end  of  3600  s 
for  Pt-ATO/MWCNT,  Pt-Sn02 /MWCNT,  and  Pt/C  are  63,  32,  and 
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Fig.  4.  Chronoamperograms  of  various  electrodes  at  0.55  V  in  1.0  M  H2SO4  + 1.0  M 
CH3CH2OH  aqueous  solution. 

17  mA  mg-1  Pt,  respectively.  The  Pt-ATO/MWCNT  catalyst  using 
ATO/MWCNT  nanocomposite  as  the  support  exhibits  the  high¬ 
est  activity,  consistent  with  the  CV  curves  shown  in  Fig.  3.  This 
may  imply  that  the  ATO/MWCNT  support  with  higher  conductiv¬ 
ity  enhances  the  utilization  of  Pt  electrocatalysts  for  the  ethanol 
electrooxidation  reaction. 

4.  Conclusions 

In  summary,  a  novel  nanostructured  electrocatalyst 
(Pt-ATO/MWCNT)  with  Pt  nanoparticles  supported  on  the 
ATO/MWCNT  nanocomposite  was  fabricated.  Pt  nanoparticles 
were  highly  dispersed  on  the  surface  of  ATO/MWCNT  composites. 
The  electrocatalytic  activity  and  utilizaton  of  Pt-ATO/MWCNT  for 
ethanol  electrooxidation  was  better  than  that  of  Pt-Sn02 /MWCNT 
and  commercial  Pt/C  catalysts.  Its  CO  tolerance  performance  is 
comparable  to  that  of  Pt-Sn02 /MWCNT  but  largely  improved 
compared  with  commercial  Pt/C.  The  enhanced  properties  could 
be  interpreted  by  the  bifunctional  mechanism,  the  synergetic 
interaction  of  between  Pt  and  ATO  nanoparticles  and  the  higher 
conductivity  of  ATO/MWCNT  compared  with  Sn02/MWCNT 
composties. 
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